idzone microtubules of mammalian cells play an essential role in the induction of cell cleavage, serving as a platform for a number of proteins that play a part in cytokinesis. We demonstrate that PRC1, a mitotic spindle-associated Cdk substrate that is essential to cell cleavage, is a microtubule binding and bundling protein both in vivo and in vitro. Overexpression of PRC1 extensively bundles interphase microtubules, but does not affect early mitotic spindle organization. PRC1 contains two Cdk phosphorylation motifs, and phosphorylation is possibly important to mitotic suppression of bundling, as a Cdk phosphorylationnull mutant causes extensive bundling of the prometaphase M spindle. Complete suppression of PRC1 by siRNA causes failure of microtubule interdigitation between half spindles and the absence of a spindle midzone. Truncation mutants demonstrate that the NH 2 -terminal region of PRC1, rich in ␣ -helical sequence, is important for localization to the cleavage furrow and to the center of the midbody, whereas the central region, with the highest sequence homology between species, is required for microtubule binding and bundling activity. We conclude that PRC1 is a microtubuleassociated protein required to maintain the spindle midzone, and that distinct functions are associated with modular elements of the primary sequence.
Introduction
Mitosis is a highly regulated process characterized by dramatic and coordinated morphological changes to ensure the fidelity of chromosome segregation. Cytokinesis occurs at the final stage of mitosis and is accomplished by the contraction of an acto-myosin ring that leads to daughter cell separation at the midbody (Cao and Wang, 1990) . A number of proteins accumulate at the midzone of the mammalian mitotic spindle during late mitosis and have been shown to play a role in cell cleavage by antibody suppression, overexpression, or mutagenesis. Among these proteins are passenger proteins such as INCENP (Mackay et al., 1998) and survivin (Skoufias et al., 2000; Uren et al., 2000) ; protein kinases such as polo (Lee et al., 1995) and aurora B (Terada et al., 1998) ; small G-proteins such as Rho (Takada et al., 1996; Drechsel et al., 1997; O'Connell et al., 1999) ; and microtubule motor proteins such as CENP-E (Yen et al., 1992; MartineauThuillier et al., 1998) , Rab6-KIFL (Hill et al., 2000) , and MKLP1 (Sellitto and Kuriyama, 1988; Nislow et al., 1992) . Some interactions among these proteins have been established, but specifically defined functional roles in the cleavage process are still largely unknown. Another protein that accumulates in the spindle midzone and that has a demonstrated role in sustaining cell cleavage, PRC1, has been recently described (Jiang et al., 1998) . As is true of most of the other midzone proteins, the precise role of PRC1 in the cleavage process is unknown.
In late anaphase, a central mitotic spindle forms between the two separating sets of chromatids. It consists of a dense network of overlapping antiparallel microtubules (MTs)*. (Mastronarde et al., 1993) . The central spindle, the site of accumulation of numerous proteins required for cell cleavage (Glotzer, 1997; Robinson and Spudich, 2000) , has been demonstrated to be critical to the completion of cytokinesis (Cao and Wang, 1996; Wheatley and Wang, 1996) . This is the only time in the cell cycle that a typical mammalian culture cell generates stable and bundled MTs. The molecular basis for maintenance of the midzone MT bundle is unresolved.
Here we show that PRC1 is required to maintain a stable midzone MT bundle. It is an MT binding and bundling protein in vitro, and it forms extensive MT interphase bundles when overexpressed in mammalian cells. In keeping with these results, introduction of short interfering RNAs (siRNAs) targeting PRC1 profoundly disrupts the formation of the midzone bundle and blocks cytokinesis. The effect of siRNA occurs uniquely during cell cleavage, showing PRC1 is required to maintain interdigitation between the two half spindles during anaphase.
PRC1 has an evident domain structure. The NH 2 -terminal region of the protein is largely ␣ -helical with multiple predicted coiled-coil motifs, whereas the COOH-terminal one quarter is predicted to be largely composed of ␤ sheets and turns. Truncation mutants show that PRC1 appears to be modular. The NH 2 -terminal half of the protein is required for its association with the cleavage furrow and midbody, whereas sequence within residues 273-486 is required for MT binding. Microinjection of antibody that recognizes the COOH terminus of PRC1 disrupts the function of midzone MT bundles and blocks cleavage, showing the conformation of the COOH terminus may be important to the protein's function. On the basis of our results, we conclude that the function of PRC1 is necessary for spindle integrity during late mitosis, particularly to maintain the midzone MT bundles that are essential for the completion of cell cleavage.
Results

Overexpression of PRC1 modifies the MT array in HeLa cells
PRC1 is a mitotic spindle-associated protein that is required for cytokinesis in mammalian cells (Jiang et al., 1998) . Sequence analysis shows that the NH 2 -terminal three quarters of the protein is largely ␣ -helical (see Fig. 5 A) with predicted coiled-coil motifs (Fig. 1 B) , whereas the COOH-terminal region is predicted to be largely composed of ␤ -sheets and turns. At the junction between these two distinct regions there is a cluster of two Cdk phosphorylation sites, two nuclear localization motifs, and two D boxes and a Ken box (see Fig. 5 A) .
In accord with previous findings (Jiang et al., 1998) , native PRC1 is intranuclear in interphase ( Fig. 1 A, a) , and then associates with the spindle in early mitosis, being more enriched on the interdigitating MTs, and finally to the spindle midzone in late mitosis ( Fig. 1 A, b and c) . We have compared the distribution of PRC1 with that of TD-60, a passenger protein that localizes to the spindle midzone in late mitosis (Andreassen et al., 1991) . Double immunofluorescence staining with autoimmune antiserum recognizing TD-60 and with polyclonal anti-PRC1 showed that TD-60 and PRC1 distributed to the kinetochores, and to the entire spindle, respectively, at the beginning of mitosis ( Fig. 1 A,  d ), and then colocalized in the spindle midzone in early telophase, and to the midbody at the end of mitosis ( Fig. 1 A, e and f). It is interesting to note that although both proteins are found in the midbody, PRC1 is always at the center of the intercellular bridge, in the so-called Flemming body region (Zeitlin and Sullivan, 2001 ), compared with the broader TD-60 distribution (Fig. 1 f) . The polyclonal anti-PRC1 serum recognizes only one protein in whole-cell extracts, with the predicted mass of PRC1 ( Fig. 1 C, right) .
For functional analysis, we began by constructing several plasmids to express wild-type and mutant PRC1 (Fig. 1 B) , including a full-length cDNA chimera with NH 2 -terminal enhanced green fluorescent protein (EGFP), and a chimera with COOH-terminal EGFP. Both the PRC1 AA mutant and PRC1 EE mutant in which the two threonine Cdk phosphorylation sites were mutated, respectively, to alanine (T470A; T481A) or to glutamic acid (T470E; T481E), were expressed as either NH 2 -or COOH-terminal EGFP chimeras. The COOH-terminal EGFP constructs have been truncated by 35 amino acids at the COOH terminus, without apparent effect on PRC1 function or localization.
The polyclonal antiserum recognizes the extreme COOH terminus of PRC1 (Jiang et al., 1998) , and thus reveals overexpression of the NH 2 -terminal chimera after transfection into HeLa, but does not recognize the COOH-terminal chimera ( Fig. 1 C, right) . The levels of overexpression of the COOH-terminal chimeras compared with the endogenous protein can be estimated by the relative intensities of the PRC1-EGFP and EGFP-PRC1 bands in cell extracts detected with anti-GFP antibody ( Fig. 1 C, left) .
Overexpression of the PRC1 chimeras yielded a striking phenotype. Although the endogenous protein was normally confined to the nucleus in interphase, a substantial fraction of the overexpressed protein was cytosolic and localized to brightly stained fiber arrays that ring the nucleus (Fig. 1 D,  a) . On entry into mitosis the filaments disappeared, and PRC1 associated with a normal mitotic spindle, with a higher concentration in the zone of overlap between antiparallel MT sets during metaphase (Fig. 1 D, b) . The in vivo localization of both native and tagged-PRC1, shows an enrichment in the MTs between the two half spindles at metaphase (Fig. 1, A , d and D, b) . During anaphase PRC1 remained enriched in the spindle midzone, and finally localized exclusively in the midbody during cell cleavage (Fig. 1  D, c and d) . After normal cleavage, perinuclear rings reformed in the two daughter cells (Fig. 1 D, d ). The rings are MT arrays rearranged by the presence of PRC1, as shown by the colocalization of PRC1 with tubulin in the rings (Fig. 2  A) . After a 4-h exposure to nocodazole, an MT depolymerizing drug, both tubulin and PRC1 were dispersed (Fig. 2 A) , and PRC1 was largely intranuclear. At lower doses of nocodazole, PRC1 filaments were resistant to depolymerization compared with control MTs, suggesting that PRC1 overexpression also stabilizes MTs (unpublished data).
Thus, when overexpressed, PRC1 has the capacity to rearrange the normally radial MT arrays in HeLa cells, as well as in several other cell types (unpublished data), bundling interphase MTs into perinuclear rings. This bundled ring rearrangement is commonly observed during overexpression of many MT-associated proteins in mammalian culture cells (Weisshaar et al., 1992; Barlow et al., 1994; WatermanStorer et al., 1995; Mandelkow et al., 1996; Togel et al., 1998; Koonce et al., 1999; Smith et al., 2000) .
PRC1 binds and clusters Taxol-stabilized MTs in vitro
The rearrangement of the interphase MT array and the coassociation of PRC1 with MTs suggest a specific interaction between PRC1 and MTs. Thus, we probed for PRC1 binding to MTs in an in vitro assay, and found that His-tagged, bacterially expressed PRC1 was entirely pelleted by Taxolstabilized pure tubulin MTs (Fig. 2 B) . In contrast, in the absence of MTs, PRC1 remained in the supernatant (Fig. 2  B) . Direct microscopic observation of MTs after PRC1 binding shows complete colocalization of the two antigens, and reveals that the MTs have become extensively bundled in the presence of PRC1 (Fig. 2 C) .
We have also analyzed the Taxol-stabilized MTs in the presence of His-PRC1 by electron microscopy. The bundles were extremely dense, but in favorable regions could be seen to contain clusters of aligned MTs (Fig. 2 D, left, arrow) . Examination of these regions at higher magnification re- 35-85, 89-135, 210-251, 384-411, and 437-464) . (C) Expression of the endogenous PRC1 and chimeras in HeLa cells. Extracts from HeLa, either untreated or transfected with one of the PRC1 chimeras (EGFP-PRC1, PRC1-EGFP, and PRC1-EGFP AA ), or with a control plasmid expressing only EGFP, were subjected to electrophoresis on 8% polyacrylamide gels and immunoblotted with the anti-EGFP antibody (left) or anti-PRC1 antibody (right). (Right) The anti-PRC1 antibody recognizes the endogenous PRC1 (arrowhead) in all extracts along with a band at the expected molecular mass of the EGFP-PRC1 fusion protein (arrow). PRC1-EGFP and the mutant PRC1-EGFP AA fusions were not recognized because they lack the COOH-terminal residues recognized by this antibody. In contrast, the anti-EGFP antibody recognizes the unfused EGFP as well as all the three PRC1 fusion proteins. (D) The distribution of the PRC1-EGFP fusion protein in HeLa cells. During interphase, the overexpressed PRC1-EGFP protein (green) induces the formation of circular filaments around nuclei (DNA, red). In common with endogenous PRC1, overexpressed PRC1 is also in nuclei. During mitosis, the PRC1-EGFP protein is associated to a normal spindle (b), and then becomes associated to the midzone (c) and midbody at late telophase (d), similar to endogenous PRC1. The perinuclear ring filaments are evident in interphase (a) and at the end of telophase (d) but are dispersed during mitosis. Bar, 10 m.
vealed MTs in regularly spaced arrays interconnected by filamentous projections (Fig. 2 D, right) . The average distance between the MTs was ‫ف‬ 19 nm. The PRC1 filaments linking the MTs appeared to form a constant angle ( ‫ف‬ 38 Њ ) with respect to the longitudinal MT axis (Fig. 2 D , right, arrow).
PRC1 is an MT-associated protein whose bundling activity is cell cycle regulated
It is remarkable that, despite a gross rearrangement of the interphase MT array, overexpressed PRC1 is associated with mitotic spindles of normal appearance ( Fig. 1 D, b) . The spindles of cells overexpressing PRC1 also exhibited normal function, as transfected cells routinely proceeded through normal anaphase and telophase ( Fig. 1 D, c and d ). In keeping with this dichotomy in interphase/mitotic behavior, we found that recently divided daughter cells, connected by a midbody following normal mitosis, contained perinuclear MT ring arrays ( Fig. 1 D, d ).
The capacity of PRC1 to form interphase rings but participate in normal spindle function suggests that its capacity to bundle MTs is specifically suppressed, either directly or indirectly, during early mitosis. In contrast, PRC1 strongly associates with the MT bundle that normally forms at the spindle equator during anaphase. These observations indicate that the bundling capacity of mitotic spindle-associated PRC1 might be downregulated during early mitosis, and then activated during late mitotic stages when the midzone MT bundle, necessary for cell cleavage (Cao and Wang, 1996; Wheatley and Wang, 1996) , is formed. Thus, we have conducted tests to determine if there is specific downregulation of PRC1 in early mitosis, followed by a requirement for PRC1 to bundle the spindle midzone in late mitosis.
Human PRC1 has two Cdk phosphorylation sites, at T470 and T481 (Jiang et al., 1998 ). An attractive explanation for our observations is that Cdc2/cyclin B phosphorylation specif- Starting from the top, the panel shows the MTs (red) focused on the centrosome in an untransfected HeLa cell. In an interphase cell overexpressing the PRC1-EGFP fusion protein (green), the circular filaments correspond to MTs (red) rearranged into a circular pattern around the nucleus. After a 4-h incubation in 1 g/ml of nocodazole, the circular filaments are dispersed. Bar, 10 m. (B) His-PRC1 binds in vitro MTs. His-PRC1 was incubated 10 min at 37ЊC in the absence (Ϫ) or presence (ϩ) of MTs then subjected to a brief centrifugation. Pellets (P) and supernatants (S) were recovered in equal volumes of SDS-PAGE loading buffer, and samples were subjected to electrophoresis (left, Coomassie gel) and immunoblotted with the anti-PRC1 antibody (right). His-PRC1 protein is completely pelleted in the presence of MTs, whereas in the absence of MTs PRC1 remains soluble. (C) His-PRC1 induces MT bundling in vitro. Taxolstabilized MTs were incubated in presence or absence of His-PRC1. The mixture was then deposited on top of a poly-lysine-treated coverslip which was then methanol fixed and incubated with anti-␤-tubulin and anti-PRC1 antibodies. ically downregulates PRC1 bundling capacity in early mitosis. We mutated the two Cdk-phosphorylated threonine residues to alanine, and transfected HeLa with plasmids expressing the nonphosphorylatable PRC1-EGFP AA mutant. The result was striking. In early mitosis, mutant PRC1 caused extensive bundling of the MTs of the mitotic spindle (Fig. 3, bottom) compared with the morphology of a control spindle (Fig. 3, top) . Despite extensive bundling, the MT arrays largely preserve a bipolar orientation. Approximately 37% of the prometaphase cells overexpressing the mutant showed such bundled spindles associated with highly condensed DNA, and no mitotic cells with such bundles were observed in anaphase, indicating the mutant blocks mitotic progression.
We also constructed a phosphorylation mimic PRC1-EGFP EE mutant to determine if it had a distinct effect. Expression of this construct gave results identical to those obtained with the PRC1-EGFP AA mutant (unpublished data). The EE mutant also had no effect on MT binding (see Fig. 5 C) or bundling (unpublished data) of PRC1 in vitro. We interpret these results as indicating that glutamate substitution in this case is not a good phosphorylation mimic, but instead interferes with a critical function at the phosphorylation site.
The absence of PRC1 affects midzone formation during anaphase PRC1 is clearly required for cell cleavage, as microinjection of anti-PRC1 antibody causes cleavage failure (Jiang et al., 1998) . To determine the specific role that PRC1 plays in cell cleavage, we transfected cells with siRNA to block PRC1 translation, and followed cells in which PRC1 was suppressed. Immunofluorescence analysis showed that PRC1 was substantially diminished in 30-35% of transfected cells after 24 h. Many cells could be found in which PRC1 was apparently completely absent as shown by paired PRC1-negative and -positive metaphase and early (Fig. 4 A, a) and late anaphase (Fig. 4 A, b) cells. In both cases, one cell of the pair has no detectable PRC1 (Fig. 4 A a, arrow and b, arrowhead). In accord with these observations, Western blots showed that PRC1 was strongly suppressed in the entire cell population after transfection (Fig. 4 B) .
In the absence of PRC1, cells were able to progress normally in mitosis to metaphase (Fig. 4 A, a, arrow) , and underwent normal chromatid segregation in anaphase (Fig.  4 A, b, arrowhead) . However, cells lacking PRC1 always showed aberrant anaphase spindle morphology (Fig. 4 C) . Interpolar MTs were radially dispersed, and interdigitating MTs were generally absent between the two half spindles (Fig. 4 C, a) . Interestingly, even in the absence of a midzone MT bundles, cells were able to separate their sets of sister chromatids and showed partial furrowing (Fig. 4 C, b and c) .
Differing degrees of severity of the phenotype were always associated with either complete or reduced levels of PRC1 expression. In some cases, midzone MTs were present, but in disarray. More often, MTs displayed no interdigitation at the spindle equator (Fig. 4 C, b) , and as a result the half spindles and their chromosomes frequently rotated away from their normal alignment orthogonal to the spindle equator. However, even in the absence of midzone MTs, cells seemed to initiate furrowing then regress before completing cleavage (Fig. 4 C, d) . As a result of furrow regression, cells lacking PRC1 became increasingly binucleate with time (Fig. 4 D) , reaching values consistent with the PRC1 suppressed population. We conclude that the absence of PRC1 disturbs neither MT assembly nor chromosome segregation, but severely alters interzonal bundling in anaphase.
Domain structure of PRC1
The primary sequence of PRC1 has several striking features (Fig. 5 A, wt) . The NH 2 -terminal three quarters of the protein is predicted to be largely composed of ␣ -helical sequence (within which are predicted coiled-coil motifs, Fig.  1 ), whereas the COOH-terminal region mostly contains ␤ -sheets and turns. At the junction between these two regions there are two Cdk consensus phosphorylation sites clustered with two nuclear localization signals (NLSs). A central region of the protein, spanning residues 240-440, is highly conserved among eukaryotic species, and can be assumed to be important to the function of PRC1. PRC1 also contains putative consensus sequences for ubiquitinationdependent proteolysis, including two D boxes and a KEN box (Fig. 5 A) (Glotzer et al., 1991; Pfleger and Kirschner, 2000) .
To determine the relative roles of these distinct regions of the primary structure in PRC1 function, we constructed sev- eral truncation mutants (Fig. 5 A) and expressed them as GFP-tagged chimeras to assay their properties in mammalian cells. Western blots of PRC1 chimeras, expressed after transfection, showed that truncated proteins of the correct size were expressed, and that all constructs were being expressed at approximately the same level (Fig. 5 B) .
Results with the different constructs are summarized in Table I . In brief, we found that MT binding during mitosis correlated with the presence of the conserved central region. Further, NH 2 -terminal sequence upstream of the conserved region was required for association with the midzone of the cleavage furrow and for localization to the center of the midbody. Nuclear localization during interphase correlated with the presence of the NLS consensus sequence, as expected.
Immunofluorescence images of the different chimeras demonstrate their distinct capacities for localization (Fig. 6) . The shortest COOH-terminal construct, C439, neither localizes to the mitotic spindle nor to the cleavage midzone. The construct M273, containing the central conserved region, localizes to the whole mitotic spindle but lacks sequence required to address it to the center of the midbody at the end of mitosis.
Like M273, the longer COOH-terminal construct C273 also localizes to the mitotic spindle but not to the center of the midbody in telophase. It is noteworthy that inclusion of downstream sequence causes C273 to induce stronger MT association in the mitotic spindle than M273 (Fig. 6 A) . In contrast to the COOH-terminal constructs, the NH 2 -terminal constructs N305 and N486 both specifically localize to the center of the midbody at the end of mitosis (Fig. 6 B, insets), whereas the longer construct, N486, localizes to the entire mitotic spindle at metaphase, the shorter N305 does not (unpublished data), reinforcing the importance of the central region in MT binding. The result with N305 demonstrates that MT binding capacity is not required for localization to the center of the midbody. These in vivo results were reinforced by in vitro MT binding assays (Fig. 5 C) , which showed that C273 was almost entirely bound to MTs, whereas M273 exhibited intermediate binding. In contrast, N305 and C439 did not bind to MTs in vitro.
Although the COOH-terminal domain of PRC1 does not display any particular localization or activity, it apparently influences the rest of the protein, as suggested by the difference between C273 and M273 in MT association. Further, remarkably, an antibody directed against a COOH-terminal peptide is able to disrupt cell cleavage (Jiang et al., 1998 ). EE both pellet in presence of MTs. M273 and C273 also pellet (P) in presence of MTs, whereas C439 and N305 remain mostly in the supernatant (S). The arrow indicates the position of tubulin. Upon microinjection of affinity-purified anti-PRC1 antibodies, we found that spindle morphology and function were normal in early mitosis (Fig. 7, a and b) , and all stages up to telophase were unchanged. However, at telophase, the usual broad MT bundle was greatly diminished by comparison to normal mitotic controls, and did not appear to extend to the cell cortex (Fig. 7 c) . Thus, the effect of a COOH-terminal directed antibody is quite similar to that of PRC1 suppression by siRNA, except that the phenotype is more severe with siRNA, which affects the earlier step of midzone formation during anaphase with consequent suppression of cytokinesis. We find that ‫ف‬ 50% of the microinjected cells fail in cleavage, as previously noted (Jiang et al., 1998) .
Discussion
We have shown that human PRC1 is a MT-associated bundling protein. Both in vivo and in vitro evidence support this conclusion. The requirement for PRC1 in cell cleavage, and the bundling that is associated with PRC1 presence in the midzone of the late mitotic spindle, lead us to conclude that PRC1 functions to stabilize the midzone MT bundle, permitting completion of cell cleavage.
Many proteins concentrate at the equatorial region of the late mitotic central spindle for the purpose of participating in the cleavage event. Although many of these proteins, like PRC1, are known to be required for the cleavage process, their specific roles in cell cleavage have not as yet been defined. Some of these proteins have defined functions, acting as MT motors (Ohkura et al., 1997; Adams et al., 1998; Williams et al., 1995; Raich et al., 1998) , small GTP-binding proteins and their regulators (Kishi et al., 1993; Drechsel et al., 1997; Prokopenko et al., 1999; Tatsumoto et al., 1999; Hill et al., 2000; Jantsch-Plunger et al., 2000) , or protein kinases (Lee et al., 1995; Carmena et al., 1998; Madaule et al., 1998; Terada et al., 1998; Yasui et al., 1998) . Their overall functions must be either to maintain the central spindle, recruit required proteins to this site, create the physical means by which the central spindle communicates to the cell cortex for the controlled deposition of myosin II and actin, or to generate the signal for the cleavage event. To the left of the panels is shown a scheme of the different constructs studied. For each construct, anaphase (A) and telophase (B) cells are shown, stained for ␤-tubulin (red) and PRC1 (green). Removal of the COOHterminus of PRC1 does not affect its ability to bind MTs (M273) nor its enrichment at the Flemming body during telophase (N486-N305) (B, arrowheads). In fact, the COOH terminus alone does not seem to be directly involved in any PRC1 activity assayed. Constructs C273 and M273 contain the region responsible for binding and bundling MTs, but they lack the signal to focus on the center of the midzone in anaphase (A), or the Flemming body during telophase (B). In (B) a closeup of the midbody (inset) is shown for each telophase cell. Bars, 5 m.
Considering that interdigitated midzone MTs are required for successful cytokinesis, and that passenger proteins with roles in cell cleavage collect at the center of the central spindle in late anaphase, PRC1 may be essential for these proteins to correctly localize to the cleavage furrow. Indeed, our preliminary data indicate that PRC1 has a key role in targeting the passenger proteins involved in cleavage (unpublished data). The capacity of PRC1 to specifically localize to the Flemming body in telophase, independent of its association with MTs, suggests there may be a second and important function for PRC1 during cleavage.
PRC1 phosphorylation sites and their potential function
A notable aspect of PRC1 behavior is that, despite bundling MTs when overexpressed in interphase cells, it permits normal spindle function. This result suggests that PRC1 MT bundling function is strongly downregulated in early mitosis, and then reactivated in late mitosis for the purpose of stabilizing the midzone MTs. Inactivation in early mitosis is in accord with siRNA experiments that show suppression of PRC1 does not interfere with any aspect of mitosis until cell cleavage. Among the proteins that bundle interphase MTs when overexpressed, PRC1 is, to our knowledge, unique with respect to its suppression during early mitosis.
PRC1 has two Cdk phosphorylation sites, and a null phosphorylation mutant yields an early mitotic phenotype consistent with the interpretation that phosphorylation suppresses PRC1 bundling activity, as the mutant generates MT bundles throughout the mitotic spindle. PRC1 has been shown to be a good substrate for several Cdks in vivo and in vitro (Jiang et al., 1998) . It is reasonable to speculate that the mitosis-specific regulation is mediated by Cdc2 activity.
Although several observations indicate a physiological role for phosphorylation of PRC1, we were unable to clearly demonstrate this because overexpression of a phosphorylation mimic EE mutant of PRC1 generates the same bundled mitotic spindle phenotype seen with the phosphorylationnull mutant, suggesting that the EE mutant is not an adequate mimic of phosphorylation status.
Domain structure of PRC1
PRC1 contains multiple ␣ -helical regions with the potential for formation of multicoils that may figure in interprotein linkages (Fig. 1 B) . It shares 57% homology with the budding yeast protein Ase1 that localizes to the anaphase spindle midzone and is required for many aspects of mitosis (Juang et al., 1997) . Together with another nonmotor MT-associated protein, Ase1 is required for anaphase B, the elongation of the spindle and separation of spindle poles (Pellman et al., 1995) . Loss of Ase1 protein function destabilizes the spindle during telophase (Juang et al., 1997) . Significant sequence homology (56%) is also shared with a Nicotiana tabacum MT-associated protein, Map65 (GenBank/EMBL/DDBJ accession no. CAC17794, CAC17795, and CAC17796). The homologue of Map65 in carrots has been demonstrated to form regular inter-MT linkages, thus generating MT bundles (Chan et al., 1999) . Similarly, our data indicate that PRC1 forms bundles of aligned MTs where inter-MT linkage is made through filamentous projections at a constant angle with respect to the longitudinal MT axis. MT bundling may require dimers or higher oligomers of PRC1, a possibility we are currently exploring. In preliminary experiments, we have found that PRC1 runs as a single included peak on sizing columns, with a mass of ‫ف‬ 300 kD (unpublished data), suggesting that it forms small oligomers in vitro. The primary se- Figure 7 . The microinjection of the anti-PRC1 antibody specifically affects the formation of the midbody during telophase. HeLa cells microinjected with the anti-PRC1 antibody, labeled with the anti-␤-tubulin antibody (red) along with the anti-rabbit IgG antibody (green), are shown in the panel. Antibody microinjection does not affect the early steps of spindle formation. PRC1 is associated with the entire spindle at metaphase (a), and moves to the spindle midzone during anaphase (b), as in controls. However, during telophase (c), the midzone spindle appears as a narrow and unstructured bundle of MTs that has detached from the cell cortex. Note anti-PRC1 antiserum crossreacts with centrosomes, as previously noted (Jiang et al., 1998) . Bars, 5 m.
quence of PRC1 gives a clear indication that the protein has distinct domains. Truncation mutants confirm this impression, and demonstrate that distinct regions of PRC1 have distinct roles. The central region is clearly implicated in MT binding. In contrast, the NH 2 -terminal region does not bind MTs, but is required for association of PRC1 with the Flemming body at the center of the midbody in late cleavage. These results show that association of PRC1 with the Flemming body does not require MT association. In fact, one of the truncation mutants of PRC1, N305, neither associates with MTs in vitro nor with the spindle MTs in vivo, but clearly associates with the Flemming body during cleavage.
Thus, it is possible that PRC1 has two distinct functions in cleavage, one for MT bundling and another relating to association with the Flemming body at the last stages of cleavage. Cleavage has two distinct stages, the first involving the initial cortical contraction, and the second, resolution and final cell separation (Zeitlin and Sullivan, 2001) . PRC1 may play a role in each of these distinct events. siRNA experiments show that cleavage can fail at an early stage in the absence of PRC1, but this result does not exclude a further role for PRC1 in the final stage of cleavage.
Potential association with other cleavage proteins
The spindle-associated motor protein MKLP1 has been speculated to play a role in bundling the late mitotic central spindle based on its in vitro capacity to bundle MTs (Nislow et al., 1992) . MKLP1 homologues in lower eukaryotes play a role in cytokinesis, as mutants of these homologues, pavarotti ZEN-4 (Raich et al., 1998; Severson et al., 2000) , exhibit derangements in cleavage. Our results suggest that MKLP1 alone is not sufficient to maintain the midzone MT bundle. In fact, the role of MKLP1 is complex, as an alternatively spliced form, CHO1, must bind actin to complete the terminal step in cleavage (Kuriyama et al., 2002) .
Cyk-4, a Rho GAP, interacts specifically with ZEN-4 in Caenorhabditis elegans , and both proteins appear to be required for formation of the midzone spindle in late mitosis (Mishima et al., 2002) . A human Cyk-4 orthologue, HsCYK-4, has recently been shown to form a heterotetramer with MKLP-1 and to bundle microtubules in vitro (Mishima et al., 2002) .
Additionally, the PRC1 truncation mutant N305 does not bind directly to MTs, but does associate with the spindle midzone. Thus, it is possible that PRC1, in addition to binding directly to MTs, also binds as part of a protein complex at the late mitotic spindle midzone.
Our evidence supports a role for in the formation of midzone MT bundles during anaphase. Further work will establish what proteins PRC1 associates with and, specifically, if there is interaction and cooperation between PRC1, Cyk-4, and MKLP1 in maintaining the spindle midzone, as well as in the terminal stage of cleavage.
Materials and methods
Cloning and mutagenesis
Wild-type PRC1 cDNA in pCL (Jiang et al., 1998 ) was used to generate different constructs. Using a BamHI internal site, PRC1 cDNA, including the 5 Ј untranslated region (UTR) up to nucleotide 1836, was subcloned into the EcoRI-BamHI sites of the pEGFP-N1 vector (CLONTECH Laboratories, Inc.) . This construct encoded the PRC1 protein, lacking the last 35 amino acids at the COOH terminus, fused upstream to the EGFP protein. To generate a wild-type Histidine-PRC1 (His-PRC1), the entire coding sequence of PRC1 was amplified by PCR and subcloned into the EcoRI-NotI of pHAT2 (Peränen et al., 1996) . To generate an EGFP-PRC1 fusion protein, the fragment EcoRI-NotI in pHAT2 was cut with NotI, filled with Klenow (Biolabs) and then ligated into the EcoRI-SmaI sites of pEGFP-C2. The PRC1 AA and PRC1 EE mutants in which Thr 470 and Thr 481 were respectively substituted by Ala or Glu, were generated by PCR. For PRC1 AA , two independent PCR reactions were performed using oligonucleotides 5 Ј -CCGGAATTCATGAG-GAGAAGTGAGGTGCTG-3 Ј , 5Ј-TGCTCGAGGAGCGCTGCCATACAG-3Ј and 5Ј-CCTAGCAAGCGGCGAGGACTGGCTCCCAATGCCCC-3Ј, 5Ј-TTT-ATAGCGGCCGCTCAGGACTGGATGTTGGTTG-3Ј.
These oligonucleotides were designed to substitute both Thr 470 and Thr 481 by Ala along with two silent mutations generating SmaI and XhoI restriction sites. An identical PCR strategy was used to generate the PRC1 EE . To generate the EGFP-PRC1 AA and EGFP-PRC1 EE fusions, the fragments EcoRI-NotI in pHAT2 were cut with NotI, filled with Klenow and then ligated into the EcoRI-SmaI sites of pEGFP-C2. To create the truncations PRC1-EGFP AA and PRC1-EGFP EE , the fragments EcoRIBamHI from the pEGFP-C2 constructs were subcloned into the EcoRIBamHI sites of pEGFP-N1. The different truncations were generated either by PCR, introducing premature stop codons, or by restriction enzymes to cut within the PRC1 coding region. C273 was generated by cutting the wt EGFP-PRC1 construct with BspEI and XhoI followed by mung bean nuclease treatment and ligation. M273 was similarly obtained, starting from the N486 construct. C373 was obtained by cutting the wt EGFP-PRC1 construct with HindIII followed by mung bean nuclease and ligation. M373 was obtained as described for C373 starting from the N486 construct. N305, M273, C373, and C439 were cloned into pHAT2 for protein expression. All the constructs were verified by DNA sequencing (Eurogentec).
Cell culture and transfection
HeLa cells were grown as a monolayer in DME (GIBCO BRL) supplemented with 10% fetal bovine serum (Hyclone), and maintained in a humid incubator at 37ЊC in a 5% CO 2 environment. HeLa cells (3 ϫ 10 6 ), attached to coverslips in 10-mm dishes, were transfected by Exgen (Euromedex) or Lipofectamine 2000 (GIBCO BRL), with 4 g of one of the PRC1 fusion constructs, or with a control (pEGFP-N1) plasmid, according to manufacturer's instructions. For the preparation of the cell extracts, in order to obtain a better efficiency of transfection ‫,)%07ف(‬ cells were transfected with a mixture of 20 g of each of the plasmids and the Lipofectamine 2000. HeLa cells transfected with the PRC1-EGFP plasmid were selected in 1.5 mg/ml geneticin G418 (GIBCO BRL). Nocodazole was dissolved in DMSO and used at 0.04 g/ml or 1 g/ml. For nocodazole treatment, HeLa cells transiently transfected with the PRC1-EGFP plasmid were exposed to 0.04 or 1 g/ml nocodazole for 4 h before fixation.
siRNA oligonucleotides and transfection
To generate single-stranded, gene-specific annealed RNA oligomers (Dharmacon Research), we used 5Ј-AAATATGGGAGCTAATTGGGA-3Ј as the human PRC1 cDNA sequence to be targeted by the oligonucleotides. Transfection conditions were as described by Elbashir and colleagues (2001) . HeLa cells were plated on coverslips in a 24-well plate and transfected using oligofectamine (GIBCO BRL). Cells were fixed at different time points after transfection and processed for immunofluorescence. For Western blots, cells were harvested with trypsin and washed in PBS before adding SDS-PAGE sample buffer.
Immunofluorescence microscopy
Cells grown on poly-D-lysine-coated glass coverslips for immunofluorescence microscopy were fixed with 2% paraformaldehyde-PBS, or alternatively, with cold methanol, followed by a step of rehydration in PBS. Cells were then processed with primary and secondary antibodies and counterstained with propidium iodide. For protocol detail see Martineau-Thuillier et al. (1998) . Affinity-purified PRC1 COOH-terminal antibody (Jiang et al., 1998) , anti-␤-tubulin monoclonal antibody (T4026; Sigma-Aldrich), anti-tyrosinated ␣-tubulin rat monoclonal antibody (Lafanechere et al., 1998) (YL 1/2), and JH human autoimmune serum, used to detect TD-60 (Andreassen et al., 1991) , were diluted 500, 400, 500 and 300ϫ, respectively. Secondary antibodies, including FITC-conjugated affinity-purified goat anti-rabbit IgG, rhodamine-conjugated anti-human IgG (Jackson Laboratories), Texas red-conjugated sheep anti-mouse IgG, and rhodamine-conjugated goat anti-rat IgG (Cappel), were used at 2.5 g/ml. Images were collected with a MRC-600 Laser Scanning Confocal Apparatus (Bio-Rad Laboratories) coupled to Nikon Optiphot microscope.
Cell extracts and immunoblotting
24 h after transfection, cells were trypsinized, collected by centrifugation, and washed in PBS before the addition of SDS-PAGE loading buffer. After a short sonication, 10 g/lane of cell extract was resolved on 8 or 10% polyacrylamide gels using a minigel apparatus (Bio-Rad Laboratories) and transferred to nitrocellulose. Affinity-purified rabbit antibodies against PRC1 (Jiang et al., 1998) were diluted 1,000-fold to detect the endogenous and the overexpressed fusion proteins. Anti-EGFP polyclonal antibody (CLONTECH Laboratories, Inc.), diluted 500-fold, was used to detect expression of the fusion proteins. The anti-␤-tubulin monoclonal antibody was diluted 1,000-fold. Blots were then exposed to HRP-conjugated goat anti-rabbit IgG (TAGO), diluted 2,500-fold, for 1 h, and then developed by ECL (Pierce Chemical Co.).
Antibody microinjection
For microinjection, HeLa cells were grown on glass coverslips as previously described (Jiang et al., 1998) . Interphase cells were injected in the cytoplasm with affinity-purified anti-PRC1 antibodies (3.8 mg/ml), using a semiautomatic microinjector (Eppendorf). After a 21-h incubation, coverslips were fixed and stained with FITC-conjugated goat anti-rabbit IgG, along with anti-␤-tubulin monoclonal antibody.
Nickel affinity chromatography
All the constructs in pHAT2 were expressed in BL21 DE3. Bacteria were induced at 37ЊC for 4 h in the presence of 0.5 mM isopropylthio-␤-D-galactoside (IPTG). Lysis and binding to nickel-Sepharose beads (Hitrap chelating; Amersham Pharmacia Biotech) was performed in a phosphate buffer (50 mM NaH 2 PO 4 , pH 7.6, 300 mM NaCl, 5 mM imidazole, 0.1 mM PMSF, and 10 mg/ml aprotinin). The proteins were eluted with 250 mM imidazole, analyzed by SDS-PAGE, and used for further MT binding assays.
In vitro MT binding assays and electron microscopy
The His-PRC1 constructs from nickel-Sepharose purification were diluted to Ͻ0.2 g/l in 20 M Taxol-PEM (80 mM Pipes, pH.6.8, 1 mM EGTA, 1 mM MgCl 2 ). Pure tubulin MTs (6.4 mg/ml; provided by Dr. L. Wilson [University of California, Santa Barbara, CA]), isolated from bovine brain (Farrell et al., 1987) , were assembled at 37ЊC, stabilized with 5 M Taxol, and then mixed with His-PRC1 to a final concentration of 0.6 g/l in a total volume of 20 l. The mixture was then incubated 10 min at 37ЊC. For SDS-PAGE and Western blot analysis of MT bundles, PRC1 constructs were cosedimented with MTs in a short centrifugation step at 16,000 g (cold, 5 min). The pellets were rinsed twice in PEM, both pellets and supernatants were recovered in equal volumes of SDS-PAGE loading buffer, and samples subjected to electrophoresis.
For immunofluorescence studies, 1 vol of the incubated MTs/PRC1 (wild-type His-PRC1 or mutant His-PRC1 EE) mix was diluted in 60 vol of prewarmed PEM-Taxol containing 0.05% glutaraldehyde. The solution was deposited on a polylysine-coated glass coverslip, and then fixed in 100% methanol and prepared as for immunofluorescence microscopy. A control MT preparation without PRC1 was treated identically.
For electron microscopy, protein samples at 0.05 g/l, prepared as described above, were applied to the clean side of carbon on mica (carbon/ mica interface) and negatively stained with 2% uranyl acetate. Micrographs were taken under low-dose conditions with a JEOL 1200 EX II microscope at 100 kV at a nominal magnification of 40,000ϫ.
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